INTRODUCTION
For several decades, parvoviruses have been developed as safe, efficient, and versatile DNA delivery vectors for human gene therapy applications. In particular, recombinant adeno-associated viruses (rAAVs) have emerged as leading candidates due to their amenability to genetic modification and to their excellent safety profile, culminating in the authorization of Glybera 1 and, most recently, Luxturna. 2 Still, there remains room for improvement considering their limited cargo capacity of 4.7 kb, which hampers delivery of larger expression cassettes, such as those encoding Streptococcus pyogenes (Sp) Cas9 3 or cystic fibrosis transmembrane conductance regulator (CFTR). 4 Additionally, the high pre-existing anti-AAV immunity in humans and the insufficient cell specificity of natural AAVs represent further clinical translation hurdles.
To date, numerous efforts have been made to overcome the limitations of AAV vectors. AAV variants derived by random 5 or rational capsid engineering 6 that exhibit lower antibody reactivity and/or higher cell specificity are particularly promising. Additionally, the size restriction of AAV vectors was partly alleviated by the use of mini-or micro-genes 7 or, alternatively, by distributing large inserts over two or three distinct AAV genomes. 8 Another solution is to harness other parvoviruses displaying clinically relevant properties. For example, autonomous parvoviruses such as H1, minute virus of mice (MVM), and LuIII are attractive for cancer therapy due to the propensity of the wild-type viruses to specifically replicate in, and lyse, proliferating cells, including tumor cells. 9, 10 Akin to AAVs, they were also engineered as gutless vectors devoid of viral genes, 11 albeit, in most cases, the non-structural coding region was retained to maintain selectivity for cells in S phase. The resulting replication-competent oncolytic viruses showed great potential for the treatment of glioblastoma, and they are presently under clinical investigation. 12 Yet another promising mean to overcome the limitations of naturally occurring AAVs is the generation and use of pseudotyped vectors that originate from cross-packaging of a genome of one parvovirus into the capsid of another. 11, [13] [14] [15] The resulting chimeric vector will ideally combine the best of both worlds, e.g., the low genotoxicity of an episomal rAAV genome with the specific tropism and/or larger cargo capacity of the heterologous second parvovirus. In one of the earliest reports, Ponnazhagan et al. 13 packaged rAAV genomes into the B19 capsid, which allowed efficient and specific targeting of erythroid cells. Additionally, a chimeric H1/AAV vector, consisting of the tumor-specific replication gene and promoters of the autonomous parvovirus H1, was packaged into an AAV2 capsid, and it was designed to selectively kill tumor cells in vitro. 16 Finally, the most recent report of a chimeric parvovirus vector was published in 2013. 17 In this study, Yan et al. 17 packaged an rAAV genome into the capsid of human bocavirus 1 (HBoV1), yielding rAAV/HBoV1 chimeras that specifically and potently transduced polarized human airway epithelia (pHAEs). This approach is very intriguing due to the larger size of the wild-type (WT) HBoV1 genome of 5.5 kb, as opposed to 4.7 kb for most AAV serotypes, implying a higher transgene packaging capacity. Indeed, Yan et al. 17 were able to experimentally verify this predicted benefit of rAAV/HBoV1 hybrid vectors, by demonstrating efficient packaging of oversized (with respect to AAV capsids) single-stranded (ss)AAV2 vector genomes of up to 5.5 kb into HBoV1 capsids. Further increasing the attractiveness of this latest chimeric parvoviral vector is the availability of numerous BoV serotypes in primates and non-primates with as-of-yet unknown tropisms, which can be harnessed and may be useful for therapeutic gene transfer.
Here we further explored and extended the rAAV/HBoV1 system, by exploiting four additional primate BoVs-three from humans (HBoV2, 3, and 4) and one from Gorilla (GBoV)-that have not been studied as vectors before. To this end, we first created new helper plasmids expressing the capsid open reading frames (ORFs) of these BoVs, by swapping the respective HBoV1 ORF in the previously reported HBoV1 helper construct, 17 similar to AAV vector pseudotyping. We then used our new helpers to produce reporter-encoding rAAV/BoV vectors, and we assessed them in various cell lines and primary cells, including organoids. Finally, we leveraged our technology for AAV capsid evolution 18 by shuffling all five BoVs, providing the first proof of concept for the feasibility to create highly diverse libraries of chimeric BoV capsids that will help to study WT BoV biology and to isolate new and superior gene therapy vectors.
RESULTS

Development of a Streamlined Protocol for Bocaviral Vector Production Based on Iodixanol Purification and Triple-Plasmid Transfection
In the original report by Yan et al. 17 that motivated this work, hybrid vectors derived from rAAV2 genomes and HBoV1 capsids were produced through co-transfection of four plasmids ( Figure 1A , plasmids 1-4), followed by the purification of full viral particles from cell lysates by two rounds of cesium chloride (CsCl) density ultracentrifugation. 17, 19 As the latter is laborious and requires 2-3 days, we tested whether rAAV/HBoV1 particles can also be purified akin to rAAVs using a much faster (2.5-h), discontinuous iodixanol density gradient centrifugation ( Figure 1A , right). Indeed, we found that the majority (up to 70%) of chimeric rAAV/HBoV1 viral particles accumulated in the 40% iodixanol phase, identical to rAAVs, as detected by qPCR analysis of the different iodixanol fractions ( Figure 1B ).
Of the four plasmids needed for rAAV/HBoV production, two are routinely also used for rAAV generation, namely, the rAAV vector and the adenoviral (Ad) helper plasmid (plasmids 1 and 2 in Figure 1A) . A difference between the two vector types is that only one helper plasmid encoding rep, cap, and aap is needed for rAAV vector production. In contrast, two separate plasmids are used for chimeric rAAV/HBoV1 production, one expressing AAV rep and the other HBoV1 ns, np1, and cap 17 (plasmids 3 and 4 in Figure 1A , respectively). Notably, the Kleinschmidt lab has previously reported a series of plasmids that co-express AAV and Ad helper functions from a single backbone. This includes pDG that encodes the complete AAV2 genome (minus the encapsidation elements [ITRs, inverted terminal repeats]) 20 or pDGDVP that was derived from pDG by deleting the cap gene 21 (Ad/AAV helper in Figure 1A ). Consequently, we tested whether the latter could replace the two separate AAV rep and Ad helper plasmids used for rAAV/HBoV1 vector production. To this end, we produced rAAV/HBoV1 vectors encoding a yfp (yellow fluorescent protein) expression cassette, using either the two individual helpers or pDGDVP to supply AAV rep and Ad functions, and then we measured particle yields after iodixanol purification by qPCR. As shown in Figure 1C , both approaches yielded largely comparable rAAV/HBoV1 vector amounts in a range of 5 Â 10 9 -1 Â 10 10 vector genomes/mL from five 15-cm plates of HEK293T cells. These numbers are in line with previous data showing that the original four-plasmid protocol typically yields particle amounts reaching up to 10% of standard AAV vectors. 17 Notably, we encountered no difficulties in propagating the pDGDVP helper plasmid in regular DH10B bacteria, and we obtained similar yields as for the two separate, smaller helper plasmids (data not shown). Therefore, and in view of the reduced costs, time, and workload for preparing only three instead of four plasmids, all further rAAV/BoV vector preparations in this work were performed using the newly established triple-transfection protocol.
Analysis of rAAV/HBoV1 Packaging Capacity Using SingleStranded or Self-Complementary Vector Genomes
As noted, Yan et al. 17 have previously demonstrated the ability of hybrid rAAV/HBoV1 vectors to encapsidate large ssAAV vector genomes of up to 5.5 kb. Here, we independently confirmed and extended these results, by first generating a series of ssAAV vector genomes encoding the two components of the gene-editing tool CRISPR, i.e., the endonuclease SpCas9 and a guide RNA (gRNA) expression cassette. The total size of the resulting rAAV genomes, Figure 1 . Recombinant HBoV1 Vector Production and Analysis of Packaging Capacity (A) Plasmids for rAAV/HBoV1 production using either the 4-plasmid (constructs 1-4) or 3-plasmid (constructs 1, 2+3, and 4) transfection protocols. In both systems, the plasmids are co-transfected into HEK293T cells, which are then harvested 72 h later. To release the viral particles, cells are subjected to five freeze-thaw cycles, before free plasmid DNA is digested with benzonase. The resulting crude lysate is purified using iodixanol gradient centrifugation, and the vector-containing 40% phase is collected. (B) Purification of scAAV-YFP/HBoV1 via iodixanol gradient centrifugation. Shown is the distribution of benzonase-resistant particles in the different indicated iodixanol fractions. Data are mean (±SD) genome copies per milliliter (n = 3), as determined by TaqMan RT-PCR. (C) Production of scAAV-YFP/HBoV1 using the 3-or 4-plasmid transfection protocols. Data are mean (±SD) genome copies per milliliter (n = 3), as determined by TaqMan real-time PCR. (D) Oversized ssAAV-CRISPR constructs used in this work. SpCas9 and gRNA cassettes are expressed from different RNA polymerase II (Pol II) (first column) or Pol III (second column) promoters, respectively. Total genome sizes are shown in the third column. (E) Southern blot analysis of the ssAAV-CRISPR genomes from (D), which were packaged into and isolated from HBoV1 particles and then resolved on an alkaline agarose gel. The number above each lane indicates the size of the packaged genome. AAV vector genomes were detected with a probe against SpCas9. (F) Low-molecular-weight (Hirt) extracts of the indicated constructs followed by Southern blot analysis. Brackets indicate monomeric (M) and dimeric (D) AAV replicative forms. (G) Oversized scAAV genomes used in this work. Stuffer sequences from lacZ with the indicated lengths (first column) were inserted to increase the total genome size (second column). (H) Southern blot analysis of the scAAV-YFP genomes from (G), which were packaged into and isolated from HBoV1 particles and then resolved on an alkaline agarose gel. The number above each lane indicates the size of the packaged genome. AAV vector genomes were labeled with a probe against yfp. (I) Low-molecular-weight (Hirt) extracts of the indicated constructs followed by Southern blot analysis. Brackets indicate monomeric (M) and dimeric (D) AAV replicative forms. ss, single-stranded; sc, self-complementary. Figure 2 . Pseudotyping of rAAV Genomes with Capsids Derived from Four Additional Bocavirus Serotypes (A) BoV helper plasmid (pCMVNS*Cap1) for chimeric rAAV/HBoV1 production and acceptor plasmid (pCMVNS*CapD) derived thereof for cloning of the different BoV cap ORFs. Each cap sequence was ordered as two gene blocks, assembled to a full-length cap ORF (cap x , where x = HBoV2-4 or GBoV) and subsequently cloned into the acceptor plasmid using a Golden Gate reaction. BocaSR, BoV-transcribed small non-coding RNA. Numbers in brackets refer to the construct labels in Figure 1A www.moleculartherapy.org including the AAV2 ITRs, ranged from 5.1 to 6.1 kb (corresponding to 92%-110% of the 5.5-kb WT HBoV1 genome or 109%-130% of the 4.7-kb WT AAV2 genome), with gradual increases between 300 and 400 bp ( Figure 1D ). This was achieved by cloning and using different RNA polymerase II or III promoters for the expression of Cas9 or gRNA, respectively ( Figure 1D) . Generally, such all-in-one CRISPR constructs are attractive tools, but they present a challenge for standard AAV vectors due to their limited packaging capacity.
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We first tested whether AAV2 can package these oversized CRISPR constructs, by visualizing encapsidated viral genomes using alkaline gel electrophoresis and Southern blot analysis ( Figure S1A ).
The maximum size for efficient packaging into AAV2 was found to be around 5.1 kb, consistent with previous reports. [22] [23] [24] The larger oversized ssAAV genomes did not result in distinct bands at the expected heights, but they produced a smear below 4.9 kb that most likely represents truncated genomes, also congruent with prior observations. 22, 23 In contrast to AAV2 capsids, we could verify packaging of intact, full-length AAV2 vector genomes into the HBoV1 capsid over the entire size range ( Figure 1E ). Accordingly, HBoV1 can encapsidate up to 1 kb more DNA than AAV2 (6.1 versus 5.1 kb, respectively). Moreover, analysis of low-molecular-weight DNA isolated from vector-producing cells demonstrated proper rescue and replication of the AAV genomes ( Figure 1F ).
While the original data of Yan et al. 17 as well as our own findings consistently showed the capacity of the HBoV1 capsid to accommodate oversized ssAAV vectors, the question remained whether this would also apply to self-complementary (sc)AAV genomes, and, if so, up to what size. For AAV capsids, the upper size limit for efficient encapsidation of scAAV vectors is typically reported to be around 2.5 kb, consistent with the fact that these genomes are packaged as a dimer of two inverted transgene copies, flanked by two ITRs and separated by a third, truncated ITR. 25 To assess the corresponding capacity of the HBoV1 capsid, we cloned and packaged a set of oversized scAAV vector genomes akin to the ssAAV constructs, ranging from 2.5 to 3.6 kb (corresponding to 91%-131% of the WT HBoV1 genome or 106%-153% of the WT AAV2 genome), in intermediate steps of 300 to 400 bp ( Figure 1G ). The encapsidated AAV genomes were extracted from the viral particles and visualized by alkaline agarose gel electrophoresis and Southern blot analysis. In agreement with the analysis of ssAAV genomes ( Figures 1D-1F ), we found that scAAV genomes of up to 3.2 kb in size (migrating as ssDNA in alkaline gels at a height of around 6.4 kb) can be packaged efficiently into the HBoV1 capsid ( Figure 1H ). Moreover, we confirmed proper rescue and replication of all oversized scAAV genomes ( Figure 1I ). In contrast to HBoV1, we found that scAAV genomes larger than 2.8 kb cannot be packaged into the AAV2 capsid ( Figure S1B ). Thus, HBoV1 can encapsidate roughly 0.5 kb more scAAV DNA than AAV2, which is congruent with our conclusion for the ssAAV genomes (1 kb difference, see above). Notably, as subsequently discussed, intriguing data from the Srivastava lab 26 indicated that the absolute packaging limit may be pushed even further, by optimizing scAAV genome sequence and structure.
Together, these results verify the ability of our modified rAAV/ HBoV1 production scheme to replicate and package oversized AAV genomes of both types, sc or ss, into HBoV1 capsids. Hybrid rAAV/HBoV1 vectors are highly efficient at transducing human polarized (p)HAEs 17 as well as ferret lungs. 19 Together with the ability to package large DNAs, this may enable encapsidation of a full-length CFTR gene and its delivery and expression in lungs of cystic fibrosis patients. These exciting prospects inspired us to begin to also explore the potential of other reported bocaviral isolates for transgene delivery into different cells and tissues. Specifically, we aimed to expand the repertoire of BoV-derived vectors by investigating four additional primate BoVs that are commonly detected in stool, 27, 28 three from humans (HBoV2, 3, and 4) and one from Gorilla (GBoV). To this end, we assembled the corresponding cap ORFs based on published sequences, and we cloned them individually into the HBoV1 helper plasmid (pCMVNS*CapD in Figure 2A ) in place of the HBoV1 cap ORF.
To test whether the resulting bocaviral helper plasmids can produce DNA-containing viral particles, HEK293T cells were transfected with (1) one of the new HBoV helpers (HBoV2-4 and GBoV), (2) an scAAV-YFP vector, and (3) pDGDVP. Based on our finding that iodixanol density gradients permit rAAV/HBoV1 purification ( Figure 1B ), as well as on prior data showing that the accumulation of DNA-containing AAV particles in the 40% phase is serotype independent, 29 we used iodixanol to purify all five bocaviral vector variants. Indeed, qPCR analyses of the 40% phase showed the presence of DNaseI-resistant particles for all five BoV serotypes ( Figure 2B ; Table S1 ). Importantly, the comparable particle quantities imply that changing the HBoV1 cap ORF had not impaired the ability of our helper plasmids to support robust capsid assembly and rAAV packaging for any of the tested bocaviral serotypes. Moreover, correct expression of VP1, VP2, and VP3 proteins was confirmed by Western blot analyses of purified vectors ( Figure 2C ). serotype, the rAAV/BoV vectors banded at densities from 1.43 to 1.48 g/mL, as detected by DNA dot blot analysis ( Figure S2 ). Following dialysis and concentration (see the Materials and Methods for details), the amount of viral particles obtained ranged from 1.5 to 5.4 Â 10 3 viral genomes/cell (equivalent to 5.3 Â 10 11 -1.9 Â 10 12 viral genomes/mL), which is comparable to the yields obtained from the iodixanol gradients (Table S1 ).
In view of the same efficiency of both methodologies and of the fact that iodixanol purification is not only faster and easier than CsCl purification but also that the inert and non-toxic properties of iodixanol allow us to use the purified viruses directly on cells without dialysis or purification steps, iodixanol gradient centrifugation was favored in this work for vector purification.
Assessment of Multiple BoV Vectors in Primary Airway Epithelial Cells
Despite a global prevalence of human BoVs, 30 little is known about their tropism and pathogenicity, mainly due to the restricted animal models and the lack of convenient cell culture systems that support viral replication. In turn, this limited knowledge prevented us from rationally selecting specific cells for functional validation of the new BoV vectors. Instead, we took the following indirect approach to predict cells that may be susceptible to rAAV/BoV transduction.
In essence, we harnessed findings that the so-called hypervariable regions that reside within the cap ORF determine host and tissue specificity 31 of both non-primate BoVs and other parvoviruses. Therefore, we performed a phylogenetic analysis of this region to predict the closest BoV relatives within the animal kingdom. To this end, we first aligned the DNA sequence of the entire cap ORF of the primate BoV variants as well as representative non-primate BoVs with known and unknown tropism. This revealed a low DNA sequence homology of below 45% between primate and non-primate BoVs, whereas all primate BoVs share over 75% homology. Next, the alignment was used to perform a phylogenetic analysis ( Figure S3A ), which showed a close relationship of all five BoV isolates studied here to (1) Canine minute virus (GenBank: AB518884), a BoV known to spread through the dog placenta to infect the lung and intestine of fetuses; 32 and (2) Canine BoV3 (GenBank: KC580640), a distinct canine BoV variant detected in the liver. 33 Also, HBoV1/GBoV and HBoV3/HBoV4 clustered together in clades, respectively. From this, we concluded that cells from the lung, liver, or gastrointestinal tract might be promising targets for HBoV2-4 or GBoV vectors.
To test this prediction, rAAV vectors encoding either Gaussia luciferase (Gluc) or YFP were packaged into the BoV capsids or into AAV2 as a control. The use of these two reporters allowed for direct visualization (YFP) or monitoring (Gluc) of transgene expression over time. As it was shown that the proteasome inhibitors N-acetyl-L-leucyl-L-leucyl-L-norleucinal (LLnL) and Doxorubicin boost the transduction of HBoV1 and of selected AAV serotypes in pHAEs, 17, 34 transductions were always performed in the presence of one or both of these reagents.
We first evaluated the transduction ability of the different BoV serotypes in pHAEs, a known target of HBoV1. 35 Therefore, cells from different donors were grown as air-liquid-interface cultures and polarized on transwells as a pseudostratified heterogenous epithelium. Transduction efficiency was tested by first inoculating the cells exclusively from the apical side with equal amounts of viral particles. YFP expression became detectable at 48-72 h post-transduction (data not shown), and it was sustained until the end of the experiment (day 14; Figure S3B ). Interestingly, we found that not only HBoV1 but also HBoV4 and GBoV transduce pHAEs to different extents, whereas HBoV serotypes 2 and 3 remained at background level ( Figure 2D ; Figure S3B ; Table S2 ). Since Gluc is a secreted protein, transgene expression could be monitored over time by taking aliquots from the basolateral media. We observed an increase in luciferase expression from day 4 to 9 ( Figure 2D ), which reached a plateau after 12-14 days in culture (data not shown).
We could further confirm these findings in polarized CuFi-8 cells, a cell line derived from a cystic fibrosis patient and previously reported to be permissive to HBoV1 infection, albeit less than pHAEs 17 ( Figure S3C ).
Previous studies have shown that HBoV1 displays a polarity bias for the apical side of pHAEs. 17 To study whether the other BoV variants also favor one side of cells over the other, we transduced pHAEs from the basolateral or apical surface with equal amounts of viral particles, and then we compared transgene expression ( Figure S3D ). In accordance with prior observations, 17 HBoV1 displayed a high polarity of transduction (apical > basolateral, 100-fold). Similarly, GBoV was 10-fold more efficient at transducing from the apical than from the basolateral side. Overall, transduction could not be enhanced for any of the chimeric vectors via inoculation from the basolateral side. Of note, in contrast to earlier data, 17 we detected a higher transduction with AAV2 than with HBoV1 in pHAEs, both from the apical and basolateral sides. As the transduction kinetics of BoV are poorly understood, this discrepancy might be explained by differences in the experimental settings, e.g., transduction for 1 h here versus 16 h in the prior study, or differential formation of cell junctions, which may have permitted concomitant access to both sides. Moreover, since proteasome inhibitors mostly increase transduction from the apical side, 34 their use may have particularly boosted AAV2, which normally prefers the basolateral side. 36 The use of scAAV-YFP vectors furthermore enabled flow cytometry analysis of transduced pHAEs. This revealed an overall transduction efficiency from 2% to 15% (data not shown), with the maximum observed for HBoV1, in line with its known lung tropism. 17, 19 Co-staining with antibodies against YFP and cellspecific markers allowed us to determine the susceptibility of different cell populations within the heterogeneous pHAEs culture to BoV transduction. In detail, we stained with antibodies against KRT5, b-Tubulin IV, CC10, and MUC5AC, which are specific markers for basal, ciliated, club, and goblet cells, respectively. For rAAV/HBoV1, this showed that basal, ciliated, and club cells www.moleculartherapy.org were transduced to comparable levels, while secretory MUC5AC-positive goblet cells were less susceptible ( Figure 2E ). Interestingly, while a similar result was obtained with GBoV ( Figure S4A ), we observed a strikingly different cellular distribution profile for HBoV4, which preferentially transduced basal cells and was least effective in ciliated cells ( Figure 2E ).
Recently, 3D primary human lung organoid cultures have been established, 37 which reflect in vivo conditions better than conventional pHAEs grown in transwells. Therefore, we attempted to recapitulate our data in such a primary organoid culture system ( Figure 2F ). Since BoVs need to access the apical surface (Figure S3D ), which is located inside the organoids, we used two distinct methods for transduction with scAAV-Gluc/BoV: (1) direct microinjection into the organoids (in); and (2) mechanical breaking of the organoids (br), followed by incubation with viral particles. Both methods resulted in a time-dependent increase in Gluc expression for HBoV1, HBoV4, and GBoV, which is in line with the trend that we had noted before in the pHAE cultures (Figure 2D ). Intriguingly, we observed striking differences between the two application routes ( Figure 2F ; Table S2 ). In particular, HBoV2 and HBoV3 only transduced following direct microinjection, whereas the opposite was observed for GBoV, which required mechanical breaking. The other two serotypes, HBoV1 and HBoV4, tolerated both routes, but they showed a slightly better transduction of sheared organoids.
Collectively, the successful transduction of pHAEs and lung organoids provided a first experimental evidence for the functionality of all four new viral vectors, in particular HBoV4 and GBoV. This motivated us to further characterize our bocaviral vector collection, including measurements of its reactivity with human antibodies and of its activity in additional cell types.
Differential Effect of Purified Human Immunoglobulins on pHAEs Transduction with rAAV/BoV
Prior data show that a majority of human serum samples are positive for neutralizing antibodies (NAbs) against AAV2 ($70%) 38 or HBoV1 ($58%). 39 Depending on the target tissue and route of administration, NAbs will eventually neutralize the viral capsid and, hence, negatively affect vector transduction efficiency. Thus, we used pHAEs to test whether HBoV4, which is the least seroprevalent variant of human BoVs ($2%), 39 and GBoV displayed less reactivity than HBoV1 with intravenous immunoglobulin (IVIg). Therefore, we adapted a previously described in vitro virus neutralization assay. 40 Briefly, scAAV-Gluc/BoV vectors were incubated with 25 mg/dL IVIg solution (representing a 1:40 dilution of the normal average IgG concentration in adults) or PBS as a control for 1 h at 37 C. Next, the mixtures were added to the apical surface of pHAEs, and luciferase activity was measured after 5 days in culture. As expected, HBoV1 displayed a high loss of activity after IVIg exposure (50-fold). In stark contrast, the transduction by HBoV4 and GBoV remained entirely unaffected by IVIg under our experimental conditions ( Figure 2G ).
High Susceptibility of Primary Hepatocytes to Primate BoV Infection
In dogs, the occurrence of animal BoVs in liver tissue has been documented repeatedly. For example, a strain of the Canine minute virus (GenBank: KT241026) was found in intranuclear inclusion bodies in hepatocytes and associated with hepatitis. 41 Also, Canine BoV 3 (GenBank: KC580640), a genetically distinct canine BoV, was found in a concatemerized form in the liver. 33 In contrast, only a few reports so far have documented the presence of HBoV in the human liver 42 or have associated BoV liver infection with hepatitis. 43 ,44
Therefore, we tested whether human hepatocytes can be transduced with our different rAAV/BoV vectors. To this end, monolayers of primary human hepatocytes were transduced with equal amounts of scAAV-YFP/BoV vector at three MOIs (2 Â 10 4 , 6 Â 10 4 , and 1.2 Â 10 5 genome copies/cell). YFP expression could be detected at all MOIs, starting at 2 days post-transduction ( Figure 3A) . Using Gluc as an alternative reporter, we likewise measured an increase of transgene expression over time ( Figure 3B ; Table S2 ), akin to our data in pHAEs ( Figure 2D ). Notably, all five BoV serotypes performed comparably well in hepatocytes, including HBoV2 and HBoV3. The latter is particularly interesting as these two serotypes were inferior to the other three in pHAEs and lung organoids ( Figures 2D and  2F ), which further exemplifies the distinct cellular tropisms of the five bocaviral isolates that we studied here.
Robust Transduction of Human CD4+ T Cells with Primate BoV Vectors
Numerous viruses, such as smallpox, HIV, and measles, use the hematopoietic system to spread throughout the body and to reach their target cells. Based on this as well as on evidence for HBoV1 viremia in healthy and diseased individuals, 45 we tested the ability of chimeric rAAV/BoV vectors to target different types of blood cells. Measurements of Gluc activity over time implied that macrophages are not susceptible to BoV infection, while PBMCs (peripheral blood mononuclear cells) displayed a low level of transduction ( Figures S4B and S4C) . Interestingly, we found human CD4+ T cells to be highly permissive to BoV transduction ( Figure 3C ; Table S2) , showing robust Gluc expression that gradually increased over the 12 days in culture. Moreover, using chimeric scAAV-YFP/BoV vectors, we also detected YFP-positive cells with all vectors. Particularly notable is the performance of HBoV4 and GBoV, which clearly outperformed the HBoV1 prototype with both reporter genes and nearly matched the efficiency of AAV2 ( Figures 3C and S4D ).
Detection of a Broad Cell Tropism of Primate BoV Vectors In Vitro
Motivated by our identification of two novel primary cell types that support BoV transduction, next to the previously reported (for HBoV1) 17 pHAE cultures, we decided to further extend our screen for target cells. Consequently, we evaluated all vectors in additional primary cell types, namely, (1) skeletal myoblasts or tubes and cardiomyocytes, (2) pulmonary fibroblasts, and (3) endothelial cells that line blood and lymphatic vessels; furthermore, as BoV infection has been correlated to gastrointestinal disease, 30, 46 we included both (4) intestinal and colon primary human mini-gut cultures.
Interestingly, unlike pHAEs, lung fibroblasts showed a preference for transduction with GBoV (7-to 13-fold higher than all other BoV serotypes) ( Figure 4A ; Table S2 ). Although HBoV has never been associated with myopathies, we found that undifferentiated muscle cells (myoblasts) can be transduced with all the different BoV serotypes (column SK in Figure 4A ; Table S2 ). Of particular note is that, akin to other viruses such as influenza virus, 47 differentiated muscle cells (myotubes) were highly susceptible to scAAV-YFP/BoV vectors of all five serotypes, comparable with AAV2 (Figure 4B) . In contrast to skeletal muscle and its diseases, bocaviral DNA was often detected in the heart and BoV was linked to myocarditis. 42, 48 In our in vitro transduction assays using YFP (data not shown) or Gluc ( Figure 4A ; Table S2 ), we noted that all BoV variants were able to transduce primary cardiomyocytes but less efficiently (10-to 200-fold) than skeletal muscle cells. Finally, transduction of human vein endothelial cells resulted in low (HBoV1 and GBoV) or no (HBoV2-4) Gluc expression ( Figure 4A ; Table S2 ).
To study the transduction of intestinal organoids, mini-guts were removed from Matrigel, trypsinized, and seeded in 2D to allow for viral transduction through the apical membrane. These 2D primary intestinal cultures were maintained in basal or differentiation media. The resulting organoids were inoculated with equal amounts of viral particles, and Gluc expression was monitored over time. We detected low luciferase expression in undifferentiated ileum (Figure S5A) , as well as in differentiated ileum (data not shown), while a more robust and sustainable expression was observed in differentiated primary colon organoids ( Figures 4C and 4D) . Moreover, in contrast to our data in lung organoids, HBoV2-4 showed a higher activity than HBoV1 or GBoV in colon organoids (Table S2) . These experiments were further extended by transducing T84 cells, a human colon cancer cell line that we have previously found to be susceptible to WT HBoV1 infection. 49 In these cells, HBoV2-4 also showed a higher activity than HBoV1, while the best results were obtained with GBoV ( Figure S5B ; Table S2 ).
Transduction of Human and Mouse Cell Lines with BoV Vectors
The finding that T84 cells, an immortalized intestinal cell line, are readily transduced with all five BoV vectors is notable, as Caco-2 cells, another intestinal cell line, do not support productive infection. 50 Moreover, HAEs or CuFi-8 cells, the only other two cell culture systems that are currently available for ex vivo BoV research, are considerably more difficult to obtain, culture, and polarize. Thus, we tested six additional immortalized cell lines derived from different tissues for their susceptibility to BoV infection ( Figure 5 ).
As expected from our data in primary hepatocytes, two human liverderived cell lines, Huh7 (hepatocytes) and LX-2 (stellate cells), could be transduced as well, albeit at lower efficiency than the primary cells.
In contrast, PancI (a pancreatic cell line) and RAW264.7 (a mouse macrophage cell line) were largely resistant to BoV transduction. Notably, transduction of the mouse cells could have been hampered by the high species specificity of primate BoVs.
28 Surprisingly, the cell lines MCF-7 (breast cancer) and HeLa (cervix carcinoma) showed robust YFP expression, especially after transduction with HBoV4 and GBoV. The efficiency in HeLa cells is of note in view of an ongoing debate whether WT BoV infection may be associated with miscarriage, based on sporadic detection of HBoV DNA in placenta and aborted tissue. Previously, we and others have comprehensively exemplified the power of directed molecular evolution to breed synthethic AAV capsids with unique assets for gene transfer and gene therapy. 52 One of the key technologies is DNA family shuffling, i.e., a process whereby cap genes of multiple AAV serotypes are first fragmented and then reassembled based on their partial homologies, resulting in libraries of chimeric AAV capsids that can be subjected to various positive and/or negative selection pressures.
Here we aimed to establish the first proof of concept that DNA family shuffling can also be applied to the primate BoVs used in this work. Thus, we first PCR-amplified the cap ORFs of HBoV1-4 and GBoV, and then we fragmented the PCR products using DNaseI ( Figure 6A ). Following gel electrophoresis and excision of a DNA range between 0.1 and 1 kb, the fragments were used as a template for the assembly of full chimeric cap sequences ( Figures 6A  and 6B ). Finally, this sequence pool was cloned into a BoV helper plasmid comprising AAV2 ITRs, resulting in the plasmid library pAAVCMVNS*Cap chim (see the Materials and Methods for details). Based on bacterial colony counts after transformation, this library had a high diversity of 5 Â 10 7 capsid variants. Moreover, we used our in-house Shuffling Alignment Analysis Tool (SALANTO) 53, 54 to quantitatively and qualitatively analyze library composition and cap crossover frequency. While we observed a similar distribution of HBoV2, 3, 4, and GBoV (23%, 21%, 28%, and 18%, respectively), HBoV1 was slightly underrepresented (8%). Congruent with our recent data from AAV cap shuffling, 54 the frequency of recombination events between different serotypes correlated with their degree of homology and was thus highest among HBoV2-4, which share 87%-88% homology ( Figure 6C ).
As the last step, we produced a viral library by co-transfection of the plasmid pool together with pDGDVP into HEK293T cells. After CsCl purification, virus-containing fractions were identified via DNA dot blot, which showed a peak at a density of 1.43 g/mL. Moreover, real-time qPCR revealed a good titer of the final stock of 5 Â 10 9 genome copies/mL.
DISCUSSION
This work was inspired by a seminal study from 2013, in which Yan et al. 17 described a chimeric rAAV2/HBoV1 vector that packaged the complete CFTR gene and potently transduced human pHAEs. As a novel gene delivery vector, chimeric BoVs possess a variety of interesting features and assets, several of which were validated or newly identified in this study. A first notable advantage of rAAV/BoV vectors is their expanded packaging capacity as compared to vectors based on AAV capsids. The relative gain of up to 1 kb observed here for ssAAV genomes or 0.5 kb for scAAV is crucial, as it allows for the encapsidation of larger transgenes or regulatory elements, such as promoters, enhancers, and others. In fact, we were able to efficiently package ssAAV cassettes with sizes of up to 5.8 kb (105% of the WT HBoV1 genome) into the HBoV1 capsid. Encapsidation of 6.1-kb-long rAAV genomes (110% of WT HBoV1) was also possible, albeit with lower efficiency. These findings are congruent with and extend prior notions that at least 5.5 kb foreign DNA can be packaged into HBoV1. 17 Our observation that scAAV genomes of up to 3.2 kb (115% of WT HBoV1, if 100% is considered to be 2.75 kb, i.e., 50% of 5.5 kb) can also be packaged into the HBoV1 capsid, but not into AAV, further corroborates this conclusion.
Moreover, important to point out is that the absolute limit of scAAV vector DNA that can be encapsidated is likely also governed by a variety of additional parameters, such as Guanine-Cytosine (GC) content, secondary structure, presence of cryptic terminal resolution sites, or levels of Rep proteins expressed from the helper plasmid, as implied by Wu and colleagues. 26 Importantly, the ss or scAAV vector plasmids were kept constant between our AAV and BoV productions, ensuring that the relative increases in packaging capacity that we noted for BoV were exclusively due to the capsid. Further of note, all AAV helper plasmids used and compared here express lower levels of Rep78/68 than conventional helper constructs, due to a shift (pWHC2) or replacement of the AAV2 p5 promoter (pDGDVP, with the weaker mouse mammary tumor virus [MMTV] promoter). This was found by the Srivastava lab 26 to favor encapsidation of intact scAAV vector genomes, when comparing an AAV helper plasmid (pACG-2) with a weak ACG start codon for Rep78/68 to a traditional construct. This can readily explain why we also noted a dominant packaging of full-length scAAV vector genomes and thus represents another advantage of using pDGDVP for BoV vector production.
Notably, while the original data were obtained with the full-length CFTR gene, 17 they were independently validated here with another therapeutically relevant expression cassette, encoding all components of the CRISPR machinery, i.e., SpCas9 and gRNA. Considering the difficulties in encapsidating SpCas9-the largest (4.2 kb) of all currently studied Cas9 orthologs-into AAV capsids, the ability to readily package all-in-one CRISPR cassettes into HBoV1 is remarkable. Thus, we have already created constructs expressing gRNAs directed against the dF508 mutation in the CFTR gene, one of the leading causes of cystic fibrosis (CF), and we will soon begin to evaluate these in CF organoids. Moreover, by using smaller orthologs such as SaCas9 (3.1 kb), it should even be possible to co-package Cas9 and multiple or concatemerized gRNA expression cassettes plus a DNA template for homologous recombination (if desired) into a single BoV particle.
It must be pointed out, however, that mere DNA encapsidation does not always translate into efficient transduction, based on data with AAV. Hence, a crucial task for future work remains to assess the infectivity of BoV particles containing oversized ss or sc genomes of various lengths. A complication that prevented us from performing these analyses is the strict dependency of the current BoV vector generation on proteasome inhibitors (reported for HBoV1 17 and also seen here for all other serotypes; data not shown). Also, others have documented a correlation of increasing AAV genome size and more effective proteasomal degradation, and they have shown that the use of proteasome inhibitors can restore transduction by oversized vectors to nearly WT levels. 22 Here, this caused the conundrum that it would be hard to disentangle general effects of proteasome inhibitors on the BoV capsid and its degradation from a specific impact on particles carrying oversized genomes. Thus, a unanimous conclusion on the infectivity of BoV particles containing large genomes has to await the next generation of vectors that is less or no longer dependent on proteasome inhibitors, which, as subsequently discussed, may well be in sight.
A second benefit of BoV vectors is our finding that, akin to AAVs, they are readily amenable to pseudotyping, i.e., cross-packaging of a vector genome into various capsids. Our respective studies were fueled by the recent discovery of additional primate BoV serotypes beyond HBoV1, such as HBoV2-4 in humans 55 , 56 and GBoV in Gorilla. 28 We were further motivated by the interchangeability of AAV ITRs as well as rep and cap genes, which has greatly facilitated the development of different AAV serotypes as viral vectors. 57 In particular, it enabled AAV pseudotyping by simply replacing the cap ORF between helper plasmids, and thus it paved the way for AAV to become one of the most widely used viral vectors in gene therapy so far.
Since the non-structural proteins of primate BoVs are highly homologous (over 73% for NS and NP1), we postulated that the BoV genome may offer a similar flexibility as AAV. Therefore, we generated new BoV helper plasmids by replacing the HBoV1 cap ORF with that of HBoV2-4 or GBoV while maintaining the non-structural ORFs. Indeed, we found that all helper plasmids gave comparable expression of the three capsid proteins and that all pseudotyped AAV/BoV vectors encapsidated AAV genomes at efficiencies equal to or even exceeding an HBoV1 helper (up to 2.8 Â 10 12 genomes/mL). This is intriguing especially in the case of GBoV, which was shown to carry a unique ns ORF that encodes an extended version of the NS protein. 28 The successful generation of new BoV helpers for vector pseudotyping laid an essential foundation for our next major goal, which was to study the functionality of the different BoV serotypes and to compare their cellular tropisms. In all these experiments, we included AAV2 as a positive control based on the known wide tropism and high efficiency of this AAV serotype in cultured cells. Our major rationale was to validate that our experimental conditions, including cell vitality, permitted transduction, which was especially important in the case of macrophages where none of the bocaviral vectors were efficient. At the same time, we acknowledge that other AAV serotypes may perform even better than AAV2 in specific cultured cell types, such as AAV3 in hepatocytes; 58 AAV5, 6, or 9 in lung cells; 59 or AAV6 in T cells, 60 and we will thus include these in future, more quantitative comparisons (also in vivo, see below).
Based on the sporadic detection of HBoV2 DNA in lungs of patients 61 and on our own phylogenetic analyses ( Figure S3A ), we started with the pHAEs model. This already provided the first evidence for the functionality of two of our new vectors, those based on GBoV and HBoV4. In addition, we screened a panel of primary cells, organoids, and cell lines, and we found a wide range of them to be efficiently transduced by different BoVs, including human hepatocytes, T cells, and skeletal muscle cells. In particular, the potency in hepatocytes is clinically relevant, as it implies that (1) all five BoV serotypes are intriguing candidates for liver gene transfer, and that, vice versa, (2) the liver should be considered as an off-target in case of another on-target. Also notable is the efficiency of HBoV4 and GBoV in primary human T cells, which, combined with the high packaging capacity, makes these two isolates very interesting for the transfer of large gene expression cassettes to T cells. A particularly intriguing application could be delivery of all-in-one CRISPR cassettes, with the aim to excise and thus eradicate latent genomes of the HIV. Finally, we are intrigued by the distinct cell specificities that we observed within pHAEs, where HBoV4 was 10-fold less efficient at transducing ciliated cells as compared to HBoV1. While these data need independent validation with additional pHAEs preparations, they may already imply that HBoV4 is a preferred vector for selective gene transfer to non-ciliated cells in the lung, such as club or basal cells.
Altogether, our various screens revealed that BoVs have a much wider tropism in vitro than previously anticipated. This particularly pertains to GBoV that has the broadest target range and was frequently the most efficient in primary human cells, making it a preferred candidate for further development that may complement or even replace the current HBoV1 vector prototype. Along these lines, we are currently assembling a comprehensive library of DNA-barcoded, next-generation sequencing-compatible AAV and BoV vectors, whose biodistribution we will then analyze in non-human primates to study bocaviral (and AAV) tropism in a large animal species in vivo and compare the results to our present in vitro data.
In addition, we obtained the first evidence that pseudotyped rAAV/ BoV vectors not only differ in their cell specificity but also in their reactivity to pooled human antibodies (IVIg). In particular, HBoV4 and GBoV appear more capable of escaping neutralization than HBoV1, which is in line with data that HBoV4 is the least prevalent BoV variant in the human population ($2%). 39 These initial data, combined with the good efficiency of HBoV4 and GBoV, are very encouraging from a clinical perspective, as they imply the possibility of using these two serotypes as alternatives to HBoV1, which has the highest seroprevalence in adults ($59%). 39 Also, identical to strategies used in the AAV field, it should enable vector re-dosing in patients after capsid swapping, which is otherwise impeded by neutralizing antibodies that emerge after the first administration. Thus, it will be interesting and important for follow-up work to validate and extend these findings, by testing more IVIg concentrations or patient sera and by determining virus-neutralizing titers.
In this context, we note our recent findings that natural HBoV1 variants differing in single amino acids exhibit distinct transduction efficiencies and IVIg reactivities (J.F., unpublished data). This provides additional optimism that it will be possible to breed superior BoV variants with minimal antibody reactivity, e.g., via rational www.moleculartherapy.org engineering of critical surface residues or by using IVIg as negative selection pressure during capsid library evolution.
Despite these promising prospects, it is clear that the rAAV/BoV system requires further improvements on multiple levels to ultimately facilitate the breadth of applications that is already possible with AAV vectors. On the one hand, the original protocols for vector production were more complicated, as they required four instead of the three or two plasmids that are commonly used in the AAV field. Importantly, in this work, we have already demonstrated the ability to also produce rAAV/BoV vectors via triple transfection, owing to our use of a combined helper plasmid that co-expresses all adenoviral and AAV helper functions. Furthermore, we showed that rAAV/BoV vectors of all five serotypes can be purified by iodixanol gradient density centrifugation, which is much easier and faster than the originally proposed CsCl protocol. 17 In this context, we are excited by the most recent report of an alternative BoV production system by Yan et al., 62 which is completely devoid of the BoV non-structural proteins and likewise uses three instead of four plasmids. Interestingly, it resembles the AAV vector production protocol in its sole dependency on AAV2 Rep proteins and adenoviral helper functions.
2 Also, the authors noted a 4-fold increase in virus titers as compared to the conventional HBoV1 helper plasmid that was also used here. It will thus be very interesting to test whether this optional production system will further increase the yields of the other serotypes reported in this work.
On the other hand, regardless of the production scheme, the current first generation of BoV vectors is limited by its strict dependency on proteasome inhibitors for efficient transduction. This is best exemplified by prior data with rAAV/HBoV1 vectors in pHAEs, where transduction was more than 1,000-fold improved upon proteasome inhibition. 17 The same inhibitor agents are also commonly used to facilitate transduction with genuine AAV vectors, especially in the airway epithelia. 34 We note that we have routinely used these inhibitors for all AAV2 controls in this work to remain consistent with the BoV samples and that AAV2 transduction in the absence of these inhibitors was typically weaker (data not shown). Possible targets of proteasome inhibitors include a post-entry block to viral transduction, 63 since AAV is thought to be ubiquitinated once it reaches the cytoplasm and to thereby become a substrate for proteasomedependent degradation. 64 Hence, interfering with this pivotal step in viral trafficking increases the amount of rAAV particles that can reach the nucleus and release their cargo. 63 Luckily, there are multiple ways to alleviate this specific block in rAAV/BoV transduction. First, one option to circumvent proteasomal degradation is to mutate exposed tyrosine residues on the BoV capsid surface, which are likely targets for phosphorylation and ensuing ubiquitination, to phenylalanines. [65] [66] [67] [68] For multiple AAV serotypes, this was shown to result in an up to 30-fold increase in transgene expression. Owing to the new high-resolution structures of HBoV1-4 that were recently reported by the Agbandje-McKenna lab, 69 it is now indeed feasible to map and modify surface tyrosines in the different BoV capsids in such a rational manner.
Second, new options may arise as our understanding of WT BoV biology continues to improve. Already it is known that HBoV1 interferes with different cellular pathways to escape defense mechanisms and to accomplish infection, which distinguishes it from AAVs that cause only a mild innate immune response in vitro 70, 71 and in vivo. 72, 73 This raises the question whether special regulatory functions present in the WT BoV genome are impaired in the vector context. For example, the nucleoprotein protein NP1 negatively regulates interferon (IFN) signaling by downregulating IFN-beta promoter activity. Consequently, NP1 was suggested to be an early gene in the viral life cycle, whose expression fosters infection by suppression of the IFN response. 74 Another interesting and, so far, unique observation for HBoV1 is that the VP2 capsid protein interacts with RNF125, which in turn inhibits the ubiquitination and hence proteasome-mediated degradation of RNF125 itself and of RIG-I. Both proteins are negative regulators of the IFN response; thus, it was speculated that VP2 might act as a late gene during the establishment of BoV latency. 75 Moreover, NS1 was shown to play a role in immune evasion by antagonizing the nuclear factor kB (NF-kB)-signaling pathway. 76 While a dissection of these possibilities was beyond our present scope, one can readily anticipate that a deeper understanding of fundamental BoV biology, including intracellular trafficking, capsid uncoating, or immune responses, will inform and benefit the design of enhanced, second-generation bocaviral vectors.
Third, until such rational design approaches have been enabled, directed molecular capsid evolution represents a powerful alternative to increase viral fitness through iterative selection, as extensively documented for AAV capsids and vectors. 52 Here, we exemplified this potential by leveraging, for the first time, DNA family shuffling 77, 78 to create a combinatorial BoV library with a high diversity of 5 Â 10 7 clonal variants. As a full selection scheme typically requires at least three and often up to five time-consuming rounds of (1) target cell infection, (2) PCR rescue, and (3) cloning of a secondary library for re-infection, we cannot yet present a fully evolved, synthetic BoV akin to AAV-DJ or AAV-LK03.
5,79-81 Still, we note that a single round of selection on pHAEs has already led to the emergence of chimeric BoV capsids that yield higher titers than the WT BoV isolates (data not shown), indicative of an effective ongoing molecular evolution process. This fuels our optimism that this approach will indeed allow for the selection of next-generation, designer BoV vectors with desirable features not occurring in nature, such as new tropism, greater efficiency, and/or lower immunoreactivity. At the same time, as with all directed molecular evolution strategies, it will be key to carefully screen lead candidates for possible de novo emergence of adverse properties, such as additional T cell epitopes.
Concurrently, studies of the evolved capsids will provide further insights into the biology of BoV infection. To this end, it should be rewarding to also include other BoV variants, such as those reported in chimpanzees, 82 pigs, 83 and dogs. 33, 41 Importantly, our data with five different BoVs in this work suggest that our helper plasmids can be easily modified to accommodate and express other BoV variants as well. Furthermore, it may even be possible to perform a pan-parvoviral shuffling between BoV and AAV variants (e.g., AAV3 for selection on human hepatocytes), provided there are sequence stretches that correspond to comparable regions in the assembled capsid and these share over 50% homology, which is a prerequisite for efficient DNA shuffling. 54 Finally, we have already started to create and evaluate alternative library designs, including one where the shuffled bocaviral capsid genes are flanked by the authentic HBoV1 terminal repeats rather than the AAV2 ITRs, which makes this library capable of autonomous replication. In turn, this could streamline subsequent selection schemes, as it should alleviate the necessity of time-consuming PCR rescues, which is an intriguing possibility that we will study in the future.
In conclusion, as the field of BoV gene therapy vectors remains in its early days, we believe that the data and strategies presented here and elsewhere already offer a first glimpse into its great potential and that, given the inspiring experience with AAV over the last five decades, there is every reason to be excited over this rapidly emerging gene delivery system.
MATERIALS AND METHODS
Cloning Procedures
To generate the different bocaviral helper plasmids that express HBoV2-4 and GBoV VPs, the entire 2-kb HBoV1 cap ORF was deleted in a previously described 62, 84 HBoV1 helper plasmid (pCMVNS*Cap) and replaced by two inverted BsmBI sites (at nucleotide position 646, np1 numbering), to allow for subsequent seamless insertion of alternative cap sequences. To this end, an overlap extension (OE-)PCR was performed using the two flanking primers 1/4 (all primer sequences are shown in Table S3 ) and two overlapping primers 2/3. The resulting 1,918-bp fragment was cloned into pCMVNS*Cap using HindIII/NotI restriction sites (also present in primer 1 or 4, respectively). This resulted in the cap acceptor plasmid pCMVNS*DVP-2xBsmBI.
Each BoV cap ORF (GenBank: HBoV2 FJ170278, HBoV3 EU918736, HBoV4 FJ973561, GBoV HM145750) was ordered as two gene blocks (each 1,000 bp) from Integrated DNA Technologies (Leuven, Belgium). For HBoV3 and HBoV4, one PCR reaction was performed to amplify each gene block, using primers 5-8 (HBoV3) and 9-12 (HBoV4). For the first and second gene block of HBoV2 and GBoV, respectively, no PCR product could be obtained, possibly due to secondary structures in the sequence. This was solved by performing three separate PCR reactions for each bocaviral isolate. Accordingly, gene block I of GBoV was amplified using primers 13 and 14, while gene block II was amplified in two separate reactions using primers 15-18. Likewise, gene block I of HBoV2 was amplified in two separate reactions using primers 19-22, and gene block II was amplified using primers 23 and 24 . All PCR reactions were gelpurified using the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany), following the manufacturer's instructions. For each bocaviral cap ORF, the fragments were assembled and cloned via a Golden Gate reaction into an empty pBSII-KS(+) plasmid (Agilent, Waldbronn, Germany), using NotI and ClaI restriction sites. Correct assembly and integrity of the resulting 2,004-to 2,016-bp-long cap ORFs were validated by Sanger sequencing (GATC, Konstanz, Germany). Next, the complete cap ORFs were amplified using primers 25-32 and subcloned into pCMVNS*DVP-2xBsmBI using Golden Gate cloning, resulting in helper plasmids pCMVNS*HBoV2-4Cap and pCMVNS*GBoVCap.
The shuffling acceptor pCMVNS*DVP-1xBsmBI was derived from pCMVNS*Cap by first deleting the cap ORF and inserting a BsmBI site at nucleotide position 592 (np1 numbering) using OE-PCR with overlapping primers 33/35 and flanking primers 34/1. Next, the complete pCMVNS*DVP-1xBsmBI sequence was PCR-amplified using primers 36/37. The PCR product was digested with EagI/PacI and cloned into a derivative of pSSV9, 85 i.e., a conventional AAV vector construct harboring two AAV2 ITRs. This resulted in the final shuffled-capsid acceptor pAAVCMVNS*DVP-1xBsmBI.
To obtain oversized scAAV constructs, portions of the lacZ cDNA ranging from 500 to 1,600 bp were PCR-amplified from pTRUFlacZ (a plasmid harboring the full-length lacZ), 86 using forward primer 41 in combination with reverse primer 42 (yielding a 500-bp fragment), 43 (800 bp), 44 (1,200 bp), or 45 (1,600 bp). All PCR products were digested with EcoRI, which enabled cloning into an EcoRI site downstream of the yfp ORF in pAAV-CMV-YFP, 87 a plasmid carrying a yfp transgene driven by the CMV (Cytomegalovirus) promoter. In this backbone, two AAV ITRs, one of which carries a mutation of the terminal resolution site, flank the expression cassettes and allow for their packaging as scAAV genomes. 88 Oversized ssAAV vector constructs expressing Cas9 from Streptococcus pyogenes (Sp) were derived from our previously reported Cas9 expression plasmid 3 containing the SpCas9 cDNA from the Church lab (Addgene plasmid 41815). This variant was now replaced with the SpCas9 cDNA from the Zhang lab, by PCR-amplifying this cDNA from former Addgene plasmid 49535 (in the meantime replaced by Addgene by plasmid 52961) using primers 46 and 47 and by cloning the NheI/ClaI-digested PCR product into our appropriately cleaved original AAV/SpCas9 plasmid, 3 resulting in pAAVFZSpCas9. The full-length and minimal CMV promoters (all promoter sequences are shown in Table S4 ) were directly cloned into the pAAV-FZSpCas9 acceptor by PacI/NheI digest of the source and acceptor plasmids. CMV + I, a CMV promoter with an SV40 intron, was PCR-amplified from pAAV-CMV-YFP using primers 48 and 49 and by cloning the digested PacI/NheI fragment into pAAV-FZSpCas9. U6 and H1 promoters, together with their gRNA expression scaffold 89 carrying two inverted BbsI restriction sites, were directly cloned as AscI/NotI fragments.
Cell Culture
All standard cell lines (HeLa, Huh7, LX-2, Panc-I, MCF-7, and RAW264.7) were maintained at 37 C with 5% CO 2 incubation. Cells were maintained in DMEM with GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (both Sigma-Aldrich).
www.moleculartherapy.org T84 human colon carcinoma cells (ATCC CCL-248) were cultured in a 50:50 mixture of DMEM and F12 (Thermo Fisher Scientific) supplemented with 10% FBS and 1% penicillin-streptomycin (Thermo Fisher Scientific). CuFi-8 cells were cultured and differentiated as described previously. 90 The following primary cells were purchased from PromoCell (Heidelberg, Germany) and were grown as monolayers: Saphenous vein endothelial cells (C-12231), skeletal muscle cells (C-12530), pulmonary fibroblasts (C-12360), and cardiac myocytes (C-12810). Primary human hepatocytes were purchased from Cytes Biotechnologies (Barcelona, Spain). All primary cells were maintained following the supplier's instructions. PBMCs, primary T cells, and macrophages were isolated and purified at the Department of Virology of the Heidelberg University Hospital (Germany). Macrophages were maintained in RPMI 1640 with GlutaMAX medium (Thermo Fisher Scientific) supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. T cells and PBMCs were maintained under the same conditions but additionally supplemented with Phytohemagglutinin (PHA, 2 mg/mL; Merck, Darmstadt, Germany) and interleukin-2 (IL-2, 10 mg/mL; Biomol, Hamburg, Germany).
Human lung organoids were expanded as previously described. 91 Differentiation was induced 5 days prior to viral vector microinjection through media change, as described previously. 91 Primary intestinal organoids were cultured as previously described. 92, 93 Human tissue was received from colon and small intestine resection from the Heidelberg University Hospital. Stem cells containing crypts were isolated following 2 mM EDTA dissociation of tissue sample for 1 h at 4 C. Crypts were spun and washed in ice-cold PBS. Fractions enriched in crypts were filtered with 70-mM filters, and the fractions were observed under a light microscope. Fractions containing the highest number of crypts were pooled and spun again. The supernatant was removed and crypts were re-suspended in Matrigel (Corning, Wiesbaden, Germany). Crypts were trypsinized, seeded onto collagen-coated plates, and maintained in a basal or differentiated state for 5 days in differentiation culture media (see Table S5 for medium components). For basolateral infection, the transwell inserts were flipped, and scAAV-Gluc/BoV was directly added to the surface of the filter at an MOI of 2 Â 10 4 . After 1 h at 37 C, the virus was removed and inserts were inverted again into the medium. The same procedure was applied for the infection from the apical side. Cells were further incubated with the two proteasome inhibitors overnight. The next day, the medium was replaced on the basolateral side with fresh medium without any inhibitors, and transgene expression was assessed over the following 9 days.
For the transduction of lung organoids, luminal access was provided to the viral vectors. To this end, organoids were sheared gently with a flame-narrowed glass pipette and resuspended in 1 vol culture medium. Next, 5 Â 10 9 scAAV-Gluc/BoV viral particles and 3 vol Cultrex growth factor-reduced BME type 2 (Trevigen, Gaithersburg, MD, USA, 3533-010-02) were added to the culture medium and mixed by pipetting. After solidifying for 30 min, 1 mL differentiation medium 91 was added, and organoids were assessed microscopically for YFP expression every day for the following 2 weeks.
To transduce intestinal organoids, 5 Â 10 9 scAAV-Gluc/BoV particles were added to each well and were incubated overnight in the presence of 0.5 mM Doxorubicin. The next day, the media were changed, and aliquots were taken at various time points for luciferase activity measurements.
Virus Production, Purification, and Titration
HEK293T cells were grown in 15-cm dishes to about 70% confluency. For the AAV2 control productions, 14 mg of each, AAV2 helper plasmid pWHC2 (encoding AAV2 cap and rep), adenoviral helper (pAdh), and the AAV vector plasmid (pAAV) containing the transgene of interest, was used. For the production of rAAV/BoV chimeric vectors, two methods were employed. The first was previously described by Yan et al. 17 and uses a standard four-component protocol that includes co-transfection of pAAV2-rep, pAdh, the HBoV1 helper plasmid pCMVNS*NP1BoV1Cap, and pAAV at a 1.5:3:3:1 molar ratio. Here, to produce the different BoV serotypes, we used our corresponding helper constructs pCMVNS*NP1BoV x Cap, where x denotes the specific bocaviral serotype. The second, modified protocol involves a triple-transfection approach comprising three components, i.e., pCMVNS*NP1BoV x Cap, pDGDVP, 21 and pAAV at a 3.5:2:1 ratio. For the production of chimeric bocavirus libraries, two plasmids are needed: pAAVCMVNS*DVP-Cap chim (pool of plasmids with chimeric cap sequences) and pDGDVP (24 mg each/plate).
In all cases, the DNA was mixed with 0.8 mL 300 mM NaCl and 0.8 mL H 2 O (per 15-cm dish). Next, a mixture composed of 0.8 mL 300 mM NaCl, 0.4 mL Polyethylenimine (PEI; Polysciences Europe, Eppelheim, Germany) and 0.4 mL H 2 O was added to each DNA mixture. After a 10-min incubation at room temperature (RT), the DNA-PEI mixtures were added dropwise to the cells. Cells were harvested 72 h post-transfection by scraping and centrifugation at 800 Â g. After Benzonase (Merck) digestion for 1 h at 37 C to remove free DNA, rAAV/BoV or rAAV particles were purified from the crude cell lysate as previously described for rAAV vectors, using two rounds of CsCl 17, 19 or iodixanol density gradient ultracentrifugation. 29 Titers of viral stocks were determined by TaqMan realtime PCR analysis using probes against the transgene (for yfp), the promoter (for Gluc), or np1 90 for chimeric bocavirus libraries (Table S6) .
SDS-PAGE and Western Blotting
Western blot analysis was performed as previously described. 94 Briefly, 10 mL from each iodixanol-purified virus stock was mixed with an equal volume of 2Â SDS sample loading buffer and boiled for 5 min at 95 C. Then, the samples were separated on 8% SDS-PAGE gels and transferred to a nitrocellulose membrane (NeoLab, Heidelberg, Germany) via semi-dry transfer. Membranes were blocked with 5% milk (Roth, Karlsruhe, Germany) for 1 h at RT and incubated overnight with an anti-VP polyclonal primary rabbit antibody (1:1,000 dilution) recognizing the three bocaviral capsid proteins VP1, VP2, and VP3 (kind gift from Maria Söderlund-Venermo, University of Helsinki). For detection, a horseradish peroxidase-conjugated secondary donkey anti-rabbit antibody (GE Healthcare, Chicago, IL, USA; NA934V) was used at a 1:10,000 dilution. To visualize protein bands, Western Lightning Plus-ECL reagent (PerkinElmer, Waltham, MA, USA) was used, and the emitted signal was detected with a chemiluminescence imager (Intas ChemoStar, Göttingen, Germany).
Dot Blot Analysis
Per CsCl gradient fraction, 15 mL was mixed with 189 mL 50 mM TrisHCl (pH 8), 1 mL 1 M MgCl 2 , 1 mL 1 M CaCl 2 , 2 mL 1 mg/mL DNaseI (Roche, Basel, Switzerland), and 2 mL 1 mg/mL RNase A (QIAGEN), and the entire mixture was incubated for 30 min at 37 C. DNase I was inactivated by adding 2 mL 0.5 M EDTA, 4 mL 0.25 M EGTA, and 10 mL 10% sarcosine, and by then heating the samples to 70 C for 20 min. Next, 10 mL 20 mg/mL proteinase K (Roche) was added to the samples and incubated overnight at 55 C. The next day, each sample was mixed with 40 mL 5 M NaOH, 20 mL 0.5 M EDTA, and 225 mL H 2 O and incubated at 55 C for 10 min before loading on a Bio-Dot Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA). A nylon membrane (Hybond-N+, GE Healthcare) was cut to size, soaked in 6Â saline-sodium citrate (SSC) for 10 min, and assembled into the dot blot device, according to the manufacturer's protocol. The samples were then applied in two aliquots, followed by a final wash with 200 mL 2Â SSC per well. Membranes were placed on a Whatman paper soaked in 10Â SSC, and the DNA was crosslinked with a UV-crosslinker for 2 min. A probe binding in the yfp transgene was generated using the DIG Starter Kit II (Roche), according to the manufacturer's instructions. The blots were pre-hybridized and incubated with probe (roughly 25 ng/mL) overnight. Blots were exposed to X-ray films (GE Healthcare) and developed in an X-OMAT 2000 X-ray film processor (Kodak, Rochester, NY, USA). After background subtraction, dot blots were analyzed using Fiji software. 95 
Southern Blot Analysis of rAAV Vector Genomes
HEK293T cells were seeded in 15-cm dishes at a density of 4 Â 10 6 cells/dish. After 48 h, cells were transfected for BoV or AAV2 production as described above. 3 days later, cells were harvested in 1 mL 50 mM Tris-HCl and subjected to five freeze-thaw cycles. Then, 540 mg DNase I (Roche), 5 mL 1 M MgCl 2 , and 5 mL 1 M CaCl 2 were added, and the cell lysate was further incubated for 3 h at 37 C. To inactivate the DNase I, 10 mL 0.5 M EDTA and 20 mL 0.25 M EGTA were added, and the cell lysate was incubated at 70 C for 20 min. Viral DNA was then purified using the QIAGEN Blood and Tissue Kit, following the manufacturer's instructions. Viral DNA was additionally digested with DpnI for 1 h prior to loading on 0.7% alkaline agarose gels (50 mM NaOH and 1 mM EDTA), followed by Southern blotting as previously described. 96 Hirt DNA extracts from rAAV-or rAAV/HBoV1-transfected cells were also prepared as previously described. 97 Southern blots were probed with DIG-labeled YFP or SpCas9 probes ($25 ng/mL) and further processed according to the manufacturer's instructions (DIG starter Kit II, Roche). Blots were exposed to X-ray films (GE Healthcare) and developed in an X-OMAT 2000 X-ray film processor (Kodak).
Measurement of Gaussia Luciferase Reporter Expression
Gaussia luciferase activity in the cell medium was determined by using a GloMax96 microplate luminometer equipped with an automatic injector (Promega, Madison, WI, USA). 20 mL medium was incubated with 100 mL Luciferase assay buffer (1.1 M NaCl, 2.2 mM Na 2 EDTA, 0.22 M potassium phosphate buffer [pH 5.1], 0.44 mg/mL BSA, and 1.3 mM NaN 3 ) supplied with Coelenterazine (PJK, Kleinblittersdorf, Germany) at a final dilution of 11.7 mM.
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Fluorescence-Activated Cell Sorting Analysis
The apical surface of pHAE cells was washed with PBS for 20 min at 37 C to remove cell-associated mucus. Cells were then detached by adding 0.25% Trypsin-EDTA (Thermo Fisher Scientific) to the apical side for 10-15 min at 37 C. Trypsinization was stopped by adding 1% BSA in PBS, and four transwells (from different donors) were pooled and centrifuged at 400 Â g for 15 min. Next, cells were washed twice with PBS and resuspended in PBS to a final concentration of 1 Â 10 6 cells/mL. Live-dead cell marker (Fixable Aqua Dead Cell Stain Kit, Thermo Fisher Scientific) was added to the cell suspension (1 mL for 1 Â 10 6 cells) for 30 min in the dark at 4 C. Cells were washed twice with PBS and then fixed with 4% paraformaldehyde (PFA) for 15 min at RT, followed by permeabilization with 1% Triton X-100 for 20 min. Then, cells were washed twice with 0.5% BSA in PBS, and a fluorescein isothiocyanate (FITC)-coupled antibody against GFP/YFP (Novus Biologicals, Littleton, CO, USA; NB100-1771) was added to all samples (including the negative controls) to enhance the signal in YFP-expressing cells.
To stain the different cell types in the airway epithelia, the following primary antibodies were used: (1) goblet cell marker MUC5A/C (Abcam, Cambridge, UK; ab3649) diluted 1:100, ciliated cell marker b-Tubulin IV (Merck, T7941) diluted 1:100, basal cell marker Cytokeratin5 (Santa Cruz Biotechnology, RCK103) diluted 1:50, or Clara (club) cell marker CC16 (BioVendor, Heidelberg, Germany; RD181022220-01) diluted 1:200. The primary antibodies were incubated for 1 h at 4 C, followed by treatment with secondary antimouse (AF-647 goat anti-mouse A21235, Thermo Fisher Scientific) or secondary anti-rabbit (AF-645 donkey anti-rabbit 711-605-152; Dianova, Hamburg, Germany) antibodies for 30 min at RT. Cells were measured on a FACSVerse (BD Biosciences, Franklin Lakes, NJ, USA), and analysis was performed using Flowing Software (version 2.5.1; Turku Centre for Biotechnology, Turku, Finland). Only living cells were used for the analysis, and gates were placed according to the following control conditions: (1) cells transduced with scAAV-Gluc/HBoV1 and then stained with FITC-coupled anti-GFP antibody, the different cell-specific primary antibody, and the respective secondary antibody; (2) cells transduced with scAAV-YFP/HBoV1 and then stained with each secondary antibody alone and FITC-coupled anti-GFP antibody; or (3) cells transduced with scAAV-YFP/HBoV1 and only stained with FITC-coupled anti-GFP antibody.
Immunostainings
Cells transduced with recombinant viruses were fixed with 4% PFA for 15 min at various time points post-transduction (as indicated in the Results). The cells were then washed three times with PBS and permeabilized with 0.1% Triton X-100 for 15 min. Next, 3% BSA in PBS was added to the cells, and the plates were blocked for 1 h in the dark. To enhance the YFP signal, 100-200 mL 1:1,000 diluted primary FITC-coupled anti-GFP antibody (Novus Biologicals) was added to each well. After overnight incubation at 4 C, plates were washed three times with PBS before a secondary anti-goat IgG antibody (Alexa Fluor 488-labeled, Thermo Fisher Scientific) was added for 1 h at RT. Plates were washed again three times with PBS, and Hoechst was added at a 1:3,000 dilution to the PBS from the last wash. Finally, plates were stored with 200 mL PBS/well in the dark at 4 C until microscopy analysis. Microscopy pictures were taken with an Olympus inverted fluorescence microscope IX-81 and were processed using Fiji.
Shuffling of Bocavirus Capsids and Generation of Libraries
BoV cap ORFs (spanning vp1-3) were PCR-amplified with HotStar HiFidelity Polymerase (QIAGEN) using primers 38 and 39 , which bind in regions flanking the cap ORF that are shared among all BoV helpers. The forward primer 38 binds upstream in the ns1 ORF, and the reverse primer 39 binds in a genomic region downstream of the cap ORF. The resulting 2,631-bp PCR products were separated on agarose gels and purified using the QIAquick Gel Extraction Kit (QIAGEN). Then, the PCR products were mixed in equimolar ratios to a total amount of 4 mg. DNA fragmentation through DNase I digestion was performed as previously described for AAV. 5 The reactions were resolved by agarose gel electrophoresis, and fragments between 100 and 1,000 bp were excised and purified using the QIAquick Gel Extraction Kit (QIAGEN). Reassembly of the capsid genes was achieved in a primer-less reaction as previously described. 5, 18, 80 Briefly, 500 ng DNase I-digested fragments was amplified with Phusion HS II polymerase (Thermo Fisher Scientific), following the manufacturer's instructions. PCR conditions were 98 C for 30 s; 40 cycles of 98 C for 10 s, 52 C for 30 s, and 72 C for 45 s + 1 s/cycle; and final elongation at 72 C for 10 min. Elongation time was increased by 1 s in each cycle. 80 Afterward, 1-2 mL of this assembly reaction was used to PCR-amplify and enrich complete capsid genes using Phusion HS II polymerase and primers 34/40 that bind to regions flanking all capsid genes. Conditions for the second PCR were 98 C for 2 min; 40 cycles of 98 C for 10 s, 65 C for 15 s, and 72 C for 90 s; and final elongation at 72 C for 1 min.
To verify successful reassembly and amplification, an aliquot of the second PCR was visualized on a 1% agarose gel (expected size was about 2.2 kb). Next, the second PCR was scaled up to 16 reactions of 50 mL each. Products were then purified using multiple QIAquick PCR Purification columns (QIAGEN) for subsequent cloning of a capsid library. To this end, purified capsid genes were digested with Esp3I (BsmBI) in Tango Buffer (both Thermo Fisher Scientific) overnight at 37 C. The digest was then separated on a gel and purified using the QIAquick Gel Extraction Kit. The shuffled capsid genes were ligated overnight with 1 mg purified BsmBI-digested acceptor vector using a 3:1 insert:vector ratio.
Next, the ligation reaction was dialyzed using MF-Millipore Membrane Filter (Merck) and transformed into E. cloni SUPREME electrocompetent cells (Lucigen, Madison, WI, USA), according to the manufacturer's instructions. After 45 min recovery in the supplied medium, the reactions were pooled and 100 mL of this suspension (undiluted as well as 1:10 and 1:100 dilutions) were plated on Luria-Bertani broth (LB)-ampicillin agar plates to estimate the number of clones in the library. The rest of the transformation suspension was grown overnight in 400 mL LB-ampicillin to amplify the plasmid library. DNA maxi preps (Macherey-Nagel, Düren, Germany) were performed to obtain a plasmid library for viral library production.
Statistical Methods
The statistical analysis in Figure 2G was performed in GraphPad Prism v.5.0 (https://www.graphpad.com). The experiment was performed in at least three biological replicates (i.e., transwells). A one-way ANOVA with Tukey's multiple comparison test was used for statistical analysis, as indicated in the figure legend.
Ethical Approval
This study was carried out in accordance with the recommendations of the Heidelberg University Hospital, with written informed consent from all subjects in accordance with the Declaration of Helsinki. All samples were received and maintained in an anonymized manner. The protocols were approved by the ethics commission at Heidelberg University Hospital under the protocols S-270/2001 (collection of surgical material for lung research) or S-443/2017 (collection of colon and intestinal material to study infectious diseases).
PBMCs were obtained as leftover material from anonymous blood donations at the blood bank at Heidelberg University. As this material could not be used otherwise in the blood bank and as the samples have been fully anonymized, the ethics committee at Heidelberg University Hospital does not require specific approval for the use of this material.
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